Nanostructure engineering has been extensively applied to ZnO in an effort to improve its performance in thermoelectric material, solar cell, and nanogenerator applications. Nano-structured ZnO bulks are limited by their inherently low mobility caused by the high density of grain boundaries and interfaces. In this study, a hybrid micro/nano structure composed of nearly coherent grain boundaries with a low misorientation degree among the nanograins was successfully fabricated in Zn 1Àx Al x O (x ¼ 0, 0.01, 0.02, 0.03, 0.04 mol) bulks via hydrothermal synthesis and spark plasma sintering. Despite the large amount of nanograin boundaries and interfaces in the resulting material, a high carrier mobility value (50.7 cm 2 V À1 s
Introduction
Thermoelectric (TE) materials are capable of direct conversion between heat and electricity, which makes them favorable for a number of versatile applications in both power generation and electronic cooling devices. 1 The efficiency of a TE device is dependent on its material properties, which are characterized by the dimensionless gure of merit (ZT); Z is the ratio sa 2 /k (where s is the electrical conductivity, a is the Seebeck coefficient, sa 2 is the power factor (PF), and k is the thermal conductivity) and T is the working temperature in kelvin. Good TE performance requires highly efficient electrical transport but low thermal transport properties, 2-4 though they are intrinsically interdependent and it is very challenging to optimize them synergistically.
ZnO is well known as a conductive oxide with a wide forbidden bandgap of 3.5 eV. The electrical properties of ZnO have garnered considerable research interest in many elds related to chemistry and physics; in regards to engineering solar cells 5, 6 and nanogenerators, 7, 8 for example. Since the pioneering TE properties of ZnO-based ceramics were rst reported by Ohtaki and Tsubota 9, 10 in an Al-doped ZnO, they have been of particular interest as high-temperature ($1273 K) TE materials due to their low toxicity, high thermal stability, and high electrical conductivity. A secondary phase such as ZnAl 2 O 4 with an intrinsically high resistance typically appears in Al-doped ceramics due to the low solubility limit of Al in ZnO, 9,10 which slows the electron transport. The relatively high k value $5 W m À1 K À1 at 1273 K for Al-doped ZnO 10 is another factor limiting any further improvement in TE conversion.
Numerous researchers have attempted to engineer nanostructures to obtain a low k in Al-doped ZnO ceramics.
11-14
Nam et al., for example, applied thermal decomposition and spark plasma sintering (SPS) to prepare a Zn 0.98 Al 0.02 O nanostructured bulk sample and achieved a k value as low as 2.0 W m À1 K À1 at 1073 K by virtue of strong phonon scattering caused by the ner grains (average size: ca. 200 nm) and ZnAl 2 O 4 nanoscale precipitates (average size: ca. 100 nm); ZT value reached 0.34 at 1073 K.
12 Nano-structured Al-doped ZnO features low phonon conduction due to the extremely effective scattering facilitated by highly dense grain boundaries and interfaces, but has less favorable electron transport behavior due to low carrier mobility below 15 cm 2 V À1 s À1 at room temperature 11-13 -another drawback which substantially limits any further enhancement of TE performance.
In the present study, we were able to create a unique micro/ nano-structure via hydrothermal method. Hydrothermal synthesis (HS) readily facilitates uniform doping and precise control over the size and morphology of powder products with various morphologies such as nanoparticle, 15 anisotropic rod, 16, 17 ower, 18, 19 and others. The nanostructure features must be retained in the bulk materials throughout this process, for which spark plasma sintering (SPS) is oen used. SPS enables densication at a low temperature within a short sintering time and allows the solid solubility of dopants and micro/nanostructure of the precursor powders to be retained or frozen in the sintered body. Below, we report the formation of micro/ nano-structured Zn 1Àx Al x O (x ¼ 0, 0.01, 0.02, 0.03, 0.04 mol) bulk materials created by a combination of HS and SPS. As opposed to the misaligned grain boundaries in traditional nano-structured bulks, 11-14 the nearly coherent grain boundary among the nanograins attained in our micro/nano-structured bulks facilitated a fast path for electron transport and resulted in carrier mobility almost as high as that of ZnO single crystals. We also obtained low phonon conduction in the sample materials due to effective scattering at boundaries and interfaces in (most likely) the nano-structured bulks. In short, the proposed micro/nano-structure strategy allowed us to successfully and synergistically optimize both electrical and thermal transport properties, creating a novel approach to ZT enhancement in TE-based, Al-doped ZnO ceramics.
Experimental procedure
Synthesis of micro/nano-structured powders and bulk samples Zn 1Àx Al x O (x ¼ 0, 0.01, 0.02, 0.03, 0.04 mol) micro/nanostructured powders were prepared by HS using zinc and aluminum acetates as raw materials and triethanolamine (TEA) as a surfactant. The HS was performed at 453 K in a solution with pH xed at 7.0-8.0. The resultant white solid product was ltered, washed with de-ionized water and absolute ethyl alcohol several times, and dried at 353 K in an oven for 10 h in air. The dried powders were then sintered in a F 20 mm graphite mold under an axial compressive stress of 50 MPa at 1173 K in vacuum in a commercial SPS system (Sumitomo SPS1050, Japan) at ramp-up speed of 100 K min À1 and 5 min holding time. The samples were disk-shaped bulks F 20 mm Â 10 mm in size.
Characterization
Phase structure was identied by X-ray diffraction with Cu Ka radiation (l ¼ 1.5406Å) ltered through Ni foil (Rigaku; RAD-B system, Tokyo, Japan). The lattice parameters were determined by least squares method in Jade 5 soware. The morphologies of powders, fractographs of bulks, and elemental distribution in the nanograins and nanoprecipitates were investigated with a eld emission scanning electron microscope (FESEM, ZEISS SUPRA™ 55, Germany) equipped with a Kevex model 3200 energy dispersive X-ray (EDX) spectroscope. The crystallographic direction was investigated with a high resolution transmission electron microscope (HRTEM, Philips Tecnai F20, Holland).
Thermoelectric measurements
The carrier concentration (n) and carrier mobility (m) at room temperature were measured with a DC-8340 apparatus (TOYO, Japan). The Seebeck coefficient and electrical conductivity were measured at 323-1073 K in a helium atmosphere on a Seebeck coefficient/electric resistance measured system (ZEM-2, UlvacRiko, Japan). The thermal conductivity (k) was calculated from the product of thermal diffusivity (D), specic heat (C p ), and
The thermal diffusivity D was measured at 323-1073 K by laser ash method with a TC-9000 apparatus (Ulvac-Riko, Japan). The specic heat C p was measured at 323-1073 K using a DSC-60 apparatus (SHIMADZU, Japan). All samples were measured perpendicular to the pressing direction.
Results and discussion
Thermoelectric properties of micro/nano structured ZnObased bulks Fig. 1 In the temperature range of 373-1073 K, the ZT ave of the micro/ nano-structured x ¼ 0.02 bulk was ca. 0.13 -again, higher than that of the nano-structured bulks (Fig. 1b) , suggesting that a higher TE conversion efficiency was achieved in the micro/nano structured x ¼ 0.02 bulk.
Any improvement in ZT ave value relies on a simultaneous enhancement of several TE parameters. The thermal conductivity (k) shown in Fig. 1c for all the micro/nano-structured bulks continuously decreased over the measuring temperature range, indicating a dominant phonon scattering mechanism. In addition, k decreased with x down to 1. that low phonon conduction was also effectively retained in the micro/nano-structured bulk due to extremely effective scattering on boundaries and interfaces (which likely were present in the nano-structured bulks). In regards to electrical transport properties, we observed an outstanding s value of 1270 S cm À1 in the micro/nanostructured x ¼ 0.02 bulk at room temperature ( indicated that all samples are n-type semiconductors regardless of the differences in microstructure among them. The |a| values of 45.5-59.8 mV K À1 were obtained at room temperature in the micro/nano-structured bulks, they are comparable to the |a| of ca. 50 mV K À1 for the nano-structured counterparts. The outstanding s value combined with the comparable |a| value contributed to the nal enhanced power factor (PF) shown in Fig. 1f : the highest PF value, 7.2 Â 10 À4 W m À1 K À2 , was obtained at 1073 K in the micro/nano-structured x ¼ 0.02 bulk and was far higher than that of any nano-structured bulk (especially at the low and medium temperatures). These results altogether indicate that we did indeed synergistically optimize both the electrical and thermal transport properties in our micro/nano-structured bulk samples. Low phonon conduction can be successfully achieved by ensuring effective scattering from the highly dense grain boundaries and interfaces, though as mentioned in the Introduction, it is very challenging to maintain favorable electrical transport properties. The unique phenomenon we observed in our samples, especially in regards to their electrical transport properties, will be discussed as related to the novel micro/nano-structure in greater detail below.
Because s value is expressed by s ¼ nem, (where n and m are the carrier concentration and the carrier mobility, respectively) the outstanding s we observed in our micro/nano-structured bulks is attributable to high n and m values. high level of n $10 20 cm À3 increases signicantly due to ionized impurity scattering. 21 The secondary ZnAl 2 O 4 usually appears as x $0.02 and forms a large amount of ZnO/ZnAl 2 O 4 interfaces, which should also increase electron scattering and decrease m value.
11 Regardless of the high n value (up to 8.5 Â 10 19 cm À3 )
we observed an unexpected increase in m at x ¼ 0.01 and a subsequent decrease; these phenomena attributed to x are likely related to the novel micro/nano-structure, which will be discussed in detail later in this paper.
The relationship between n and m at room-temperature for micro/nano structured x ¼ 0.02 bulk and nanostructured Zn 1Àx Al x O bulks without [11] [12] [13] and with RGO 24 is plotted in Fig. 2b . The micro/nano-structured x ¼ 0.02 bulk showed higher n and m values than the nanostructured bulks, [11] [12] [13] indicating that either high solid solubility of Al 3+ or fast electron transport was realized in the micro/nano-structured x ¼ 0.02 bulk. The single crystalline ZnO is known to have excellent electron transport behavior due to the lack of boundaries and interfaces, whose mobility values are calculated based on Matthiessen's rule and BHD model 22, 23 and plotted in Fig. 2b by a gray line as a function of n value. 24 In a recent study, Nam et al. reported that the introduction of reduced graphene oxide (RGO) into nanostructured x ¼ 0.02 bulk can change the electron transport behavior from nanocrystalline to single crystalline. 24 When the electrons move across the grain boundaries as freely as they are in the single crystalline ZnO, the m value is not signicantly affected by the grain boundaries due to the reduced or eliminated Schottky barriers. Adding 1 wt% RGO contributed here to relatively high m value, 57.0 cm 2 V À1 s À1 , in nano-structured x ¼ 0.02 bulk; this is quite compatible with single crystalline ZnO.
24
Interestingly, the micro/nano-structured x ¼ 0.02 bulk without RGO also featured a high m value (50.7 cm 2 V À1 s À1 ), indicating that similar electron transport behavior to that of single crystalline ZnO was achieved in the micro/nano-structured x ¼ 0.02 bulk as well. We utilized eqn (1)- (4) to assess the carrier scattering mechanisms. According to the Pisarenko relation for degenerated semiconductors,
where k B is the Boltzmann constant, T is the absolute temperature, h is Planck's constant, q is an electron charge, and m* is the DOS effective mass at the Fermi level. By plotting the room temperature a vs. n À2/3 , 13 the m* of the micro/nano-structured x ¼ 0.02 bulk was estimated to be 0.58m e . According to the measured n and estimated m* values, a simple parabolic band model can be applied by employing the following equations:
where F r is the Fermi integral and x is the reduced electrochemical potential. l is a scattering parameter and À1/2 is assumed for acoustic phonon scattering, 1/2 for optical phonon scattering, and 2/3 for ionized impurity scattering. The calculated a values at room temperature as a function of n value are shown in Fig. 2c , in which three lines correspond to these three types of scattering mechanisms, respectively. The |a| value for the micro/nano-structured x ¼ 0.02 bulk corresponds well with to the calculated value when l ¼ À1/2, indicating that the acoustic phonon was the dominant scattering mechanism. Accordingly, it is safe to assume that electron transport was strongly scattered by the high density of grain boundaries in the micro/nano-structured x ¼ 0.02 bulk, which should lead to a drastic decrease in m value. That being said, we unexpectedly obtained a higher m value of 50.7 cm 2 V À1 s À1 in the micro/nanostructured x ¼ 0.02 bulk, which was likely related to the novel micro/nano-structured characteristics.
The novel micro/nano-structured characteristics of x ¼ 0.02 bulk are depicted in Fig. 3 via the FESEM and HRTEM observations. An abundance of smooth micro-spheres ca. 3 mm in diameter were observed in the FESEM micrograph as shown in Fig. 3a ; this manner of surface morphology indicates that they are dense aggregates composed of nanograins ca. 200 nm in size. This novel structure, the so-called "micro/nano-structure" to which we refer in this paper, is dependent on the original structure in the corresponding powders shown in Fig. 3b where the nanograins are oriented orderly along the axial direction of the micro-spheres due to the spherical restrictions.
We performed HRTEM and fast Fourier transformation electric diffraction (FFT ED) analyses to examine the misorientation degree among the oriented nanograins in the micro/ nano-structured x ¼ 0.02 bulk. According to the FFT ED diffractograms (acquired from the yellow regions 1 and 2) shown in Fig. 3c , each nanograin exhibited a nearly identical [0001] zone-axis pattern. There also was similar lattice spacing of 0.28 nm corresponding to the distance between the (10 10) lattice planes of ZnO. The HRTEM image shown in Fig. 3d also indicated clear, uniform stripes (acquired from the yellow region 3) even across the grain boundaries (described by the red lines) among the nanograins. The corresponding FFT ED diffractogram shown in Fig. 3e further conrmed that all nanograins in region 3 exhibited practically identical [0001] zone-axis patterns with misorientation degree of about ca. 4 ; in effect, a nearly coherent grain boundary was successfully obtained. We speculated that the misorientation degree would decreased as the diameter of rod-like and spheroidal particles in the microspheres decreased; to this effect, we assumed that rening the grain sizes would enhance the degree of coherence between grain boundaries and thus the rapid transfer of electrons. This novel micro/nano structure characteristic is similar to the mosaic structure characteristic obtained in Cu 2 (S, Te) polycrystalline bulks prepared via ash cooling. 26 Said mosaic structure characteristic functions similarly to quasi-single crystals composed of nanograins with identical (or nearly identical) orientation as electrons are freely transferred along the frames of quasi-single crystals. 26 Hence, the nearly coherent grain boundary among the nanograins for the micro/nano-structures likely dominated the electron transport behavior (again, like single crystalline ZnO) in the x ¼ 0.02 bulk sample (Fig. 2b) .
We further explored the electron transport behavior in our samples by comparison among them, as depicted in Fig. 3f and g. As opposed to the nanostructure in which nanograins are oriented completely randomly and their misaligned interfaces affect electron transfer (black arrow in Fig. 3f) , nanograins in the novel micro/nano-structure were orderly oriented along the axial direction of micro-spheres due to the spherical restrictions (Fig. 3g) , as discussed above; again, this seemed conducive to obtaining the nearly coherent nanograin boundaries which facilitate a fast path for electron transport. The conjoined micro- spheres in the micro/nano-structure also created a coherent crystalline framework for the less-affected electron transport (black arrow in Fig. 3g) . In regards to phonon transport, the nanostructure and micro/nano-structure were expected to feature analogous behavior based on the fact that a phonon does not select its own transport path (red arrows in Fig. 3f and g ).
These observations altogether again conrm that a novel micro/nano microstructure was successfully obtained in the x ¼ 0.02 bulk sample in which nanograins with nearly coherent grain boundaries not only provided a favorable crystalline framework for rapid electron transfer, but also effectively scattered phonons. This allowed us to synergistically optimize both electrical and thermal transport properties, as depicted in Fig. 1 , in the x ¼ 0.02 micro/nano-structured bulk sample; we achieved "phonon-glass electron-crystal" characteristics in our sample, a classic thermoelectric concept.
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Shape-controlled synthesis of micro/nano-structured ZnObased powders
The formation of the novel micro/nano-structure in bulk materials depends on the original micro/nano-structure in the corresponding powders, as the precursor powder microstructure is easily retained or frozen in the sintered body during (brief, lowtemperature) SPS. We used triethanolamine (TEA) as a surfactant in preparing the precursor powder via HS. The function of this material on the precursor powder morphology is schematically proposed in Fig. 4 . As shown in Fig. 4a , TEA was initially dissociated in water to provide a basic alkalescent environment (eqn (1)) to form a Zn(OH) 2 precipitate complex (eqn (2)) which favors the anisotropic growth of ZnO. 16, 17 Along with TEA chelation, it also coordinated with [Zn(OH) 2 ] n to form a complex [Zn(OH) 2 TEA] n (eqn (3)) which transformed into ZnO$nTEA nuclei during the HS process (eqn (4)). The corresponding nucleation process is schematically shown in Fig. 4b 
16,17
In our experiment, the anisotropic growth of ZnO particles proceeded under the dominant eqn (1) as TEA content was relatively low (Fig. 4c) . With moderate TEA content, some TEA molecules that did not participate in eqn (1) were absorbed on the surface of ZnO particles and limited their anisotropic growth to some extent. With high TEA content, the ZnO particles did not readily rene as their sizes reached the nanoscale, because the TEA absorbed around ZnO particles and became saturated; at this point, aggregation began to accelerated due to TEA chelation because the abundant hydroxyl groups of the TEA rims absorbed on ZnO nanoparticles interacted with each other. This resulted in linkage or a bridging of the neighboring ZnO nanoparticles. 28 The ZnO nanoparticles also aggregated ultimately into micro-spheres along the axial direction, reducing the surface Gibbs free energy of the system. In short, the orientation of nanoparticles should be spherically restricted rather than randomly self-assembled.
The FESEM micrographs of ZnO powders with various TEA contents shown in Fig. 5a -e support the above description. At TEA content of 5 ml (Fig. 5a) , the sample consisted of a single or a twined ZnO with bullet-like morphology, average length of ca. 6 mm, and mean diameter of ca. 4 mm (the aspect ratio is ca. 1.5), indicating the persistence of anisotropic growth. Well-resolved hexagonal edges and corners were also observed, indicating favorable crystalline ZnO quality. As TEA content increased to 10 ml (Fig. 5b) , mushroom-like ZnO particles with cusped ends formed with a decreased average length of ca. 4 mm and mean diameter of ca. 2 mm (aspect ratio ¼ ca. 2), indicating that the TEA as surface modier suppressed growth both in length and in diameter.
Similar inhibition in ZnO growth has been reported by previous researchers using TEA as a surface modier. 29 Others have also conrmed a joint behavior along the radial plane of mushroom-like ZnO particles resulting from the linkage behavior caused by TEA. 29 By further increasing TEA to 20 ml (Fig. 5c) , spheroidal particles emerged with a decreased average grain size to ca. 600 nm. Interestingly, most spheroidal particles began to aggregate to micro-spheres with an average size of ca. 2 mm as TEA increased to 25 ml (Fig. 5d ). This aggregative behavior was further enhanced by increasing TEA to 30 ml, at which point a large amount of micro-spheres ca. 5 mm in size were obtained (Fig. 5e) ; a magnied FESEM image of these particles is shown in Fig. 5i . The micro-spheres in this sample were loose and oriented along the axial direction by rod-like particles 100-600 nm in size and spheroidal nanoparticles 50-100 nm in size. The formation of this novel micro/nanostructure relates to a non-classical crystallization mechanism called "oriented aggregation" which yields multiform crystal structures and morphologies.
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Analogical self-assembly structures were also reported in aFe 2 O 3 particles by Sugimoto et al. 31 The rod-like particles in micro/nano-structured ZnO powders (Fig. 5j) were around ca. 300 nm in diameter, which is consistent with the FESEM observation shown in Fig. 5i . The corresponding HRTEM analysis shown in Fig. 5k indicated that lattice spacing of 0.26 nm for the rod-like ZnO corresponded to the (0002) planes of the wurtzitestructured ZnO. 28 The fast Fourier transform (FFT) of the diffractogram (bottom, right corner) showed a single crystal-type [2 1 10] zone-axis pattern. These results indicate that the growth direction of our highly crystalline ZnO rod-like particles was consistent with the crystallographic [0001], similar to the anisotropic growth of ZnO during HS.
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Interestingly, the formation of this novel micro/nanostructure was hindered by adding Al as evidenced by the xevolved morphology ( Fig. 5f-h ) when the TEA content was xed to 30 ml. Aer doping Al to x ¼ 0.01, the loose micro/nanostructured powders shown in Fig. 5f decreased to ca. 3 mm in micro-sphere diameter, to ca. 300 nm in rod-like particle size, and to ca. 40 nm in spheroidal particle size. 2À dominating the anisotropic growth during the HS process. 16, 17 As x increased to 0.02 and 0.04 ( Fig. 5g  and h ), the sizes in particles and micro-spheres of micro/nanostructured powders further decreased. These results indicate that doping Al in the micro/nano-structured ZnO powders rened both the particles 11 and the micro-spheres.
Phase and orientation of micro/nano-structured ZnO-based bulks
The micro/nano-structure of precursor powders shown in Fig. 6a d (enlarged in Fig. 6e-h ) was clearly well-frozen in their corresponding bulks by applying SPS. The sizes of both micro-spheres and matrix grains also decreased as x increased corresponding to the behavior of the precursor powders. Compared with the x ¼ 0 and x ¼ 0.01 bulks shown in Fig. 6a , b, e and f, many white nanoprecipitates about ca. 10 nm in size were observed in the micro/nano-structured x ¼ 0.02 bulk in Fig. 6c and g, i. e., 10 to 20 times smaller than that of nano-structured bulks synthesized by Jood et al. 11 and Nam et al. 12 The white nanoprecipitates increased in quantity and average size to ca. 30 nm as x increased to 0.04 in Fig. 6d and h. The EDX line analyses and atomic number contrast images (Fig. 6i) indicated that the new nanoprecipitates in Fig. 6g and h were rich in Al and O, corroborating the formation of ZnAl 2 O 4 . In addition to the different morphologies, the relative density of the micro/nano-structured bulks were 84%, 82%, 80%, 76%, and 72% as x ¼ 0, 0.01, 0.02, 0.03, and 0.04, respectively, corresponding to increased quantities of pores. Overall, the rened matrix grains, ZnAl 2 O 4 nanoprecipitates, and pores dominated the strong phonon scattering and contributes to the lower k shown in Fig. 1c .
The phase structures of micro/nano-structured powders and bulks were compared as shown in Fig. 7a and b . The corresponding diffraction are well matched to those of wurtzite- structured ZnO (PDF#36-1451). The secondary ZnAl 2 O 4 impurity observed by FESEM micrographs in Fig. 6g and h was undetected by XRD even as x ¼ 0.04, as their content was below the detection limit of the XRD analysis method. ZnAl 2 O 4 impurity is typically detected by XRD in bulks sintered by solid state reaction (SSR), for example, in air at 1673 K for 10 h with 2% mol Al doping; 10 but may be undetectable in the counterpart sintered by SPS below 1223 K for less than 10 min in a vacuum.
12, 33 We therefore speculated that the short sintering time (only 5 min) and low sintering temperature (below 1223 K) of SPS did not effectively facilitate the formation of ZnAl 2 O 4 .
The high solid solubility of Al contributing to the high n (Fig. 2b ) also contributed to the decreased formation ZnAl 2 O 4 . We did not observe any obvious trend in the main diffraction peaks in our bulks as compared to that of the powders shown in Fig. 7c , indicating delayed grain growth during the SPS process. This is also evidence that the micro/nano-structure of precursor powders was frozen perfectly in their corresponding bulks. Apart from the identical phase structure between powders and bulks, it is noted in Fig. 7a and b that the intensity of the (0002) diffraction peak differed as x differed; this indicated a varied orientation caused by x and the SPS process. Fig. 7d shows the orientation degree F (000l) calculated by the Lotgering method 34 for both powders and bulks as a function of x. The F (000l) value is 10.8% for the micro/nano structured x ¼ 0 powder, which can be ascribed to the formation and growth of rod-like powders along the [0001] direction and the axially restriction by micro-spheres (Fig. 5i) . This micro/nanostructural characteristic weakened as x increased (Fig. 5e-h) , which reects the decreased F (000l) value to 3.5%, 2.1%, 1.7%, and 1.7% at x ¼ 0.01, x ¼ 0.02, 0.03, and 0.04. Compared to their corresponding powders, all bulks showed increased F (000l) values to 21.8%, 6.4%, 9.7%, 2.7%, and 4.2% as x ¼ 0, 0.01, 0.02, 0.03, and 0.04, respectively, indicating that the F (000l) orientation in the powder was further enhanced in the corresponding bulk under applied pressure.
ZnO 15, 16, 35 and Bi 2 S 3 36 bulks have been reported to be preferentially oriented in the (hki0) plane perpendicular (t) to the pressure direction when rod-like powders grown preferentially at the same [0001] direction are consolidated, as rods readily collapse under applied pressure. Our bulks, which were preferentially oriented in (000l) perpendicular (t) to the pressure direction, did not behave this way -we attribute this discrepancy to the micro/nano-structure having slowed the collapse rod-like particles due to spherical restrictions. The decreased F (000l) with x ( Fig. 7d ) in powders and bulks corresponds to decrease in both the diameter of micro-spheres as well as rod-like and spheroidal particles in the powders (Fig. 5e-h ) or bulks (Fig. 6a-h ) leading to fewer grain boundaries and less electron scattering. Because higher orientation degree relates to higher m, we assumed that the increased m from x ¼ 0 to x ¼ 0.01 bulks (Fig. 2a) contributed predominantly to the reduced decree of misorientation among coherent grain boundaries rather than the F (000l) . Ultimately, we concluded that the m values we obtained in the micro/nano- structured bulks were mainly related to the novel micro/nanostructure itself being conducive to the formation of a nearly coherent crystalline framework for rapid electron transfer.
Conclusions
A unique micro/nano structure was successfully obtained in Zn 1Àx Al x O (x ¼ 0, 0.02, 0.03, 0.04 mol) bulks prepared via HS and SPS. The nanograins were oriented along the axial direction of micro-spheres with a low misorientation degree between the neighboring grains. Due to the near-coherence of grain boundaries, the micro/nano structured x ¼ 0.02 bulk achieved a remarkably high m value of 50.7 cm 2 V À1 s À1 -close to that of single crystals -as well as a low k value (2.1 W m À1 K À1 ) likely arising in the nano-structured bulks due to effective scattering on the boundaries and interfaces. The synergistic optimization of electrical and thermal transport properties led to a high ZT value, 0.36, at 1073 K. The novel micro/nano-structure we established is likely applicable to other TE materials, as well. We also believe that this strategy can work in tandem with other successful TEenhancement approaches such as modulation doping and band structure engineering. 
